Part of groundwater circulating in the well conduct mass exchange with the aquifer. This part of exchange (the raw water exchange) is indicated the groundwater
Introduction
The ground source heat pump (GSHP) system which utilizes the almost constant underground temperature that not affected by the seasons as the source of a heat pump or refrigerator. Among the GSHP system, the standing column well (SCW) has better heat transfer performance than other soil heat exchangers [1] , it also needs less well depth to get per kW heat [2] . Sometimes, the abandoned geothermal wells can be utilized [3] .
In 1986, the first literal SCW was proposed by Tan and Kush [4] , by removing PVC jacket to let drawing and returning water transfer heat with the bedrock directly. From 1993 to 1995, Yuill and Mikler [1] did related research on the SCW proposed by Tan and Kush [4] . They established a simple and 1-D coupled flow and heat transfer model, and the groundwater flow in the aquifer was analyzed using the equivalent heat transfer coefficient. Woods and Ortega [5] established the finite linear heat source model, and obtained the instantaneous solu- tion, short time solution and long time analytical solution. Choi et al. [6] and Lee et al. [7] utilized the linear heat source theory to establish the response model for thermal properties test of SCW. Due to groundwater flow, when permeability coefficient of the rock is greater than 1E-08 m/s, the thermal response test is not suitable for SCW [8] .
In the previous models, researchers all consider that the underground water flows in the well entirely, without considering the mass exchange through the wall of well. Ho wever, the field test [1] results show that the raw water underground enters the well and participates in the circulation during the operation of the system. Nguyen et al. [9] established a numerical coupled ODE model for SCW shows that temperature differences between the homogeneous and fractured aquifer were particularly important when the well was operated at typical bleed ratios.
In fact, a SCW is directly a well hole in the bedrock layer, part of groundwater is circulating in the well bore and exchanges heat with the rock of the well wall, the other part flows into and out of the well exchanging mass with the aquifer. The mass exchange of groundwater between the aquifer and the well enhanced the heat transfer ability of the SCW obviously. To solve this complex and coupled groundwater flow problem, a mathematic model of multi-regime groundwater flow and a heat transfer model of well pipe, well wall and aquifer are established. By numerical solution, water exchange between the SCW and the aquifer is analyzed in detail and studied quantitatively.
Mathematic model and validation

Mathematic model
Mathematic model of multi-regime flow
A SCW can be considered as deformation of the tube heat exchanger of the GSHP. The casing pipe, drawing water from the bottom of the well through the suction pipe, discharging groundwater to the upper part of the well after heat exchange.
In order to simplify the mathematic model, the following hypotheses are put forward: -The aquifer is an artesian aquifer. -In the anisotropic aquifer, the main permeability direction is the same as the direction of the co-ordinate axis, and the production of each sub layer in heterogeneous aquifer is horizontal. -The influence of temperature on permeability coefficient, coefficient of water storage, and density of the groundwater are ignored. -The influence of solid particle migration on porosity and permeability coefficient of the aquifer are ignored [10] . Groundwater flow in the well hole is influenced by the drawing water of the suction pipe and the returning water in the upperpart of the well hole. Therefore, pipe flow inside the suction pipe, pipe flow with seepage in the well hole and seepage flow in the aquifer need to be solved simultaneously. The schematic diagram of the flow model is shown in fig. 1 .
Pipe flow and seepage flow are two different forms of flow with different governing equations. From the perspective of flow energy, governing equation of the pipe flow is the energy loss (Weisbach-Darcy) equation, while control equation of the seepage flow is Darcy law [11] . The model does not take the loss causing by local resistance into account, which is called well loss because the flow rate changes per unit of well deep is very small, so the well loss is neglected in this paper. 
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Coupled heat transfer model
Effective thermal conductivity of the aquifer is composed of two parts: stagnant thermal conductivity of the aquifer when groundwater does not flow, and thermal dispersion. From the pore scale, heat transfer description of the aquifer includes the local energy conservation equation of the liquid and solid phase, and the Navier-Stokes equation of the liquid phase [12] . Because of the existence of solid skeleton, the magnitude and orientation of the pore velocity changes all the time. Thermal dispersion [13] is needed to be considered in the thermal equilibrium equation. Heat transfer caused by the thermal dispersion effect may be very large, especially near the wall of well [14] .
Establish the energy conservation equation of solid skeleton and the fluid in the porous media, respectively. Then merge the energy conservation equations of the solid skeleton and the fluid together utilizing the local thermal equilibrium assumption, finally, get the energy conservation equation of heat transfer in the aquifer as the eq. (1) shows:
where T is the temperature of the aquifer, the roof, and bottom rock layer, C -the volumetric heat capacity of the aquifer, the roof, and bottom rock layer, C w -the volumetric heat capacity of groundwater, k r , k z -the effective thermal conductivity of the aquifer and the thermal conductivity of roof and bottom rock layer, respectively, q r , q z -the seepage velocity of groundwater, and 0 for the roof and bottom rock layer, and r, z -represents the horizontal and vertical direction. For energy storage of the aquifer, it is generally considered that thermal dispersion is proportional to ( 1, 2), m qm  and m = 1 is more commonly used:
where k a is the stagnation thermal conductivity of the aquifer, α -the thermal dispersion, and q -the seepage velocity of groundwater.
The heat exchange sketch maps of well pipe and well hole are shown in fig. 2 . In the heat transfer model of well hole and well pipe, the energy conservation equation of the well wall is not included. Heat exchange between the returning pipe and the well hole is not considered in the model. The thermal resistance of the well wall is considered while ignoring the heat capacity of it. 
Model solution
The control equations are discretized by fully implicit and finite volume method, and for the convective term, the discretization scheme is QUICK. Boundary conditions and source terms are handled by additional source term method, the harmonic average method is used to deal with the interface parameters, nodes are set-up by the internal node method, and the grids are structured and asymmetric [11] . Applying MATLAB 7.1 (R14) to the program. The solution accuracy of the flow equation and the temperature field is 10 -7 m and 10 -5 °C, respectively.
Model validation
The experimental data of the first 30 days is used for parameter identification, and the subsequent data is used for model validation. Considering that the influence of heat transfer in the horizontal direction is much smaller, the dimensions of the model verification and simulation range were illustrated in tab. 1. A symmetrical mesh method is adopted, and the grids are concentrated close to the axis of the shaft. Time step is set to 2 hours.
The simulated and measured values of the drawing water temperature under cooling and heating conditions are shown in fig. 3 . We can know that simulated values are in good agreement with measured values under both cooling and heating conditions, and the simulated values track the change of the measured values completely. In the initial stage of the cooling condition, the error is relatively large, and in the latter stage, the error is smaller. Under the heating condition, the simulation results are in better agreement with the measured values due to the small load change. In addition to individual points, the simulated values are all within 10% error limits. The statistical results show that, when the drawing water temperature variation is up to 35.0 °C, the mean error is only 0.5 °C, the mean square deviation is 0.07 °C, the standardized mean square deviation is 1.8%, and the correlation coefficient is 0.998. This shows that the mathematic model of groundwater flow and heat transfer in a SCW is feasible and reliable. The properties of the aquifer are shown in tab. 2.
Results and analysis
Numerical simulation of groundwater flow and heat transfer in a typical SCW is carried out previously using the Mathematic model above. The SCW supplies heat for a onefloor office building in Beijing, construction area of the building is 1020 m 2 , thermal parame- fig.  4 , and the maximum heating load is 69 kW, the accumulated heating load during the heating season is 316 GJ. The Custer limestone aquifer is taken as the typical aquifer without leakage. The aquifer is isotropic, and parameters of the aquifer are listed in tab. 3. The structure parameters and physical parameters of the SCW are mostly from the widely used well [15] Phenomenon of raw water exchange Figure 5 shows the equal drawdown of the aquifer after 10 hours operation of the heat pump. As can be seen from fig. 5 , drawdown of the upper part is negative, indicating that the returning water in the well hole flows into the aquifer, and generates re-circulation effect. Drawdown of the lower part is positive, indicating that water flows from the aquifer into well hole, and generates drawing effect. That is to say, there is groundwater exchange between the well hole and aquifer, and this is a remarkable characteristic of the SCW compared with the heat exchanger of the GSHP. However, absolute value of the drawdown is very small, demonstrating that water exchange between the well hole and the aquifer is not large, most of the groundwater circulates in the well hole. Figure 6 shows the change of the absolute value of the velocity with depth, including the vertical velocity in the well hole and the horizontal velocity of the first node in the aquifer (r = 0.0934 m, 0.0172 m from the wall of the well). As can be seen from fig. 6 , the vertical velocity in the well hole decreases firstly and increases subsequently, and the horizontal velocity of the first node in the aquifer changes from positive to negative gradually, demonstrating that there exists groundwater exchange between the well hole and the aquifer. The cutoff point of in-flow and out-flow on the well wall is at the half of the well hole in the vertical direction. The flow rate is not even along the well wall, and the farther away from the cutoff point, the larger the flow rate is. Figure 7 shows the change of Reynolds number and vertical effective permeability coefficient of well pipe and well hole with depth. As shown in fig. 7 , Reynolds number and the vertical effective permeability coefficient is constant along the way when the underground water flow rate keeps unchanged. The groundwater flow rate in the well hole decreases firstly, then increases along the way, so does Reynolds number, correspondingly, the flow changes from the turbulent rough area to the turbulent smooth area, then back to the turbulent rough area. Meanwhile, the effective permeability coefficient increases firstly and decreases afterwards. Variation of the flow rate leads to the change of the resistance, and the effective permeability coefficient changes accordingly. The effective permeability coefficient of the well hole changes in the range of 37-53 ms -1 , the roughness of the well hole is larger than that of the well pipe, so the friction coefficient of the well hole is larger, leading to the effective permeability coefficient of the well hole is smaller than that of the well pipe. Nevertheless, the effective permeability coefficient of the well pipe and the well hole are both very large for the flow in them are pipe flow. Figure 8 shows the change of the drawing water temperature and the returning water temperature with time. As shown in fig. 8 , temperature of the drawing water and returning water changes drastically, and the drawing water temperature changes with the load. When the load is large, the drawing water temperature is relatively low, this is because the SCW use a bare hole directly, and the flow resistance is larger in the well hole, thus most of the groundwater is circulating in the well pipe, resulting in short circuit of a certain amount of groundwater. During the operation, the maximum drawing water temperature is 14.3 °C and the minimum is 7.4 °C, change of the value is up to 7.0 °C. The temperature of drawing water lower than 9 °C come to 424 hour during the whole region, 15.4% of the total time, this may lead to the low pressure protection parking of the heat pump unit, even freezing of the groundwater. As a result, the ability of the system to respond the sudden load change is limited, and the efficiency of the heat pump unit is also affected to a certain extent. Calculation shows that power consumption of the heat pump unit under the desired adjustment condition is about 8.7% larger than the power consumption when the groundwater temperature keeps unchanged with the initial temperature (power consumption was 97.5 GJ and 89.7 GJ, respectively). Figure 9 is the isotherm diagram of the aquifer at the end of the heating season. As can be seen from fig. 9 , affected area of the SCW is not large with small seepage velocity of groundwater in the aquifer. Calculation results demonstrate that the thermal affected area (defined as the largest radial distance when the temperature difference between the roof and floor of the aquifer is 0.1 °C) is 14.2 m. The temperature changes are concentrated in the upper part of the aquifer, and the temperature is almost constant in the area which is a little far away from the shaft in the lower part of the aquifer. Therefore, the SCW can be relatively close to each other (such as 15 m), not having to worry about the thermal effect between each other. Quantitative evaluation of raw water exchange
In the upper part of the SCW, water flows from the well hole to the aquifer, and in the bottom part, water flows from the aquifer to the well hole. The raw water exchange ratio as defined in eq. (3) is used to represent the amount of this part of water. It represents the proportion of water from (or to) the aquifer when drawing or discharging water:
where A is the net area of the well hole, equal to the area of the well hole removing the area of the drawing pipe and u z,min is the minimum vertical velocity in the well hole.
In the heating condition, temperature of the upper part of the well hole is low, and temperature of the lower part of the aquifer is high, thus a certain amount of groundwater flows from the aquifer to the well hole, bringing heat to the SCW, and bears part of the heating load. The load ratio by raw water exchange is used to characterize the magnitude of the aforementioned load, and it indicates the ratio of the load assumed by water exchange to the whole heating load. The load ratio by raw water exchange can be calculated by eq. (4). Here the returning water temperature is taken as the reference temperature:
where ra L is the load ratio by raw water exchange, u r,ha -the radial flow velocity of groundwater on the interface of the well hole and the aquifer, and the velocity is positive when water flows from the aquifer to the well hole, respectively, T ha -the temperature of the wall of the well, which is the groundwater temperature of inflow and outflow, T r -the temperature of the returning water, Q -the heating load of the SCW, and z 1 , z 2 -the starting and ending depth of the well, respectively. Figure 10 shows the change of the load ratio by raw water exchange with time. As can be seen from fig. 10 , the load ratio by raw water exchange of the system is unchanged basically. For this example, the average value of the load ratio by raw water exchange is 23.4%. That is to say, the mass exchange of groundwater between the well hole and the aquifer bears 23.4% of the heating load.
Because of the existence of raw water exchange, the heat exchange efficiency of the SCW is much higher than that of the underground heat exchanger of the GSHP, and the ability to bear load has also been improved significantly. Calculation re-sults show that, when the underground rock layer of the SCW is not permeable, the returning water temperature drops below 0 °C after the heat pump operates for 100 hour, and makes the system fail to provide the required load. As shown in tab. 5, with the decrease of permeability coefficient of the aquifer, the raw water exchange ratio and load ratio by raw water exchanged decreases significantly, resulting in the rapid decrease of the drawing 
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water temperature, and heat transfixion becomes more serious. The raw water exchange ratio is determined by the relative magnitude of the flow resistance in the well hole and the seepage resistance in the aquifer, so it is related to the permeability coefficient of the aquifer and the roughness of the well hole closely.
Conclusions
The paper established a mathematic model, which was verified by field test of a SCW, of groundwater flow in the SCW and coupled heat transfer of well pipe, well-hole and aquifer. Based on the simulations and experiments, such conclusions could be drawn.  The thermal dispersion impact must be considered in the heat transfer of the aquifer.  Simulated values of the drawing water temperature are in good agreement with the measured values under both refrigeration and heating conditions. The error is within 10%.  In the numerical simulation of a SCW, the parameter sensitivity analysis shows that the output is most sensitive to the water permeability coefficient and heat dispersion of the aquifer, especially the heat dispersion.  Simulation results show the phenomenon of raw water exchange between the well hole and aquifer clearly. For a typical example, the ratio of raw water exchange in the SCW is 29.6%, and the load ratio by raw water exchange is 23.4%, not changing with time nearly.  Thermal influence of the SCW to the aquifer is not large (14 m), therefore, distance between two wells can be small.
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